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ABSTRACT stratospheric aerosols in the calibration regiornthia

Global measurements of cirrus optical depth aticari  tropics introduces a low bias into the calibratfaotors

to assessing their radiative impacts and need to b about 5%. For daytime operations, the calibraiio
validated. Comparisons of retrievals from differentPerformed in cloud free regions between 8 and 12 km
instruments and techniques can be very informativd e daytime calibration algorithm has been revied
regarding the different sources of uncertainty.this ~ Version 3 CALIOP products [3], producing calibratio
paper, we compare cirrus cloud optical depth eséima cogfﬂments that scale the daytime clear air scit
retrieved by the active (lidar) and passive (raditer) ratios to mgtch what has been measured at the same
remote sensing instruments aboard the CALIPS@atitude at night.

satellite. 2.2 Cirrus layers detection

The Level 1 calibrated 532 nm total attenuated

L lNTRODUCTIO.N ) _ backscatter profiles are used to detect scattdayers
The CALIPSO mission [1], launched in 2006, carries[4], which are further classified as clouds or sets

the CALIOP (Cloud and Aerosol Lidar with Orthogonal [5] Cloud |ayers are classified as Water’ randemly

Polarization) lidar operating at two wavelength825 oriented ice, or horizontally-oriented ice cloudsy. [
and 1064 nm), the 3-channel Imaging Infraredcioud layer properties are reported in the LevBHan
Radiometer (IIR) operating in the 8-12m thermal Cloud Layer products with a horizontal resolutidrbp
infrared spectral range, and the Wide Field Camer20 or 80 km defined by the amount of averaging
(WFC) operating in the visible domain. The threerequired to detect the layers.

instruments are assembled in a staring and near nad . .

looking configuration. The cross-track swaths o th 2-3  Cirrus optical depth

passive instruments are centered on the lidar ihekke ~ For each ice cloud layer, one of the fundamenttitap
observations from the three instruments are almogeroperties measured by CALIOP is the layer integtat
perfectly temporally and spatially collocated, wilog  attenuated backscatter, or IAB, defined as:

detailed comparison studies. In this paper we first

briefly review the measurements and methods used by Zogee )
CALIOP (section 2) and IIR (section 3) to estimate IAB = Jﬁc(f)mc (r)dr 1)
cirrus cloud optical depths. We then compare thialp Zoo

depth retrievals in the visible spectrum (532 nnonf
the CALIOP lidar to those in the thermal infrard@.05 In Eq. 1, %, and z.scare the top and base altitudes of

pum) from the lIR. the layer, andB.(r) and T4r) are, respectively, the
cloud backscatter coefficient and two-way
2. CALIOP CIRRUS OPTICAL DEPTH transmittance. The relationship between the cirrus

optical depth, 1, and the integrated attenuated

2.1 Calibration backscatter is given by the following equation [7]:

CALIOP signal to noise ratio at 532 nm is higherinig

nighttime than during daytime, leading to two diffist 1-e 1%

strategies to calibrate the instruments. For niiglatt IAB:ZU—S (2)
operations, the 532 nm parallel channel is caldatait ¢

high altitude (30-34 km) where the atmosphere ign Eq. 2,n is the multiple scattering factor, indicating
largely free of clouds and aerosols, and where thghe contribution from multiple scattering to the
expected calibrated backscatter signal can be cdpu packscatter signal, which is set here to 0.6 forusi
using an atmospheric model [2]. The presence oflouds. Sis the cirrus cloud lidar ratio, defined as the



ratio of the extinction to the backscatter coeffits, been done continuously since launch, showing an
which are the two main unknowns of the lidar ecprati  excellent stability with a differential trend betere
The product nt. is the “apparent” optical depth instruments smaller than 0.1 K.

associated to the layer 2-way-transmittancg, 3uch

) 3.2  Effective emissivity
as:

The Level 1 calibrated and geo-located IIR radiance
'|'c2 =g % (3) are registered on a reference grid centered on the
CALIOP ground track, with 1 km horizontal resolutio
CALIOP cirrus visible optical depths are retrieved over a 69-km swathThe IIR Level 2 code [10] and
using one of two different and totally independenttrack products are organized around the vertical
techniques. The first one is the so-called “comséd’  information reported at 5-km resolution in the COIR
technique, in which the layer 2-way transmittanae ¢ 5-km Layer products. A scene classification aldnit
be measured if clear air is found both above aovbe selects suitable scenes for effective emissivity
the layer [8]. This technique allows a directretrievals. The IIR analysis is conducted on the
determination of the layer “apparent” optical de@thd  uppermost single or multi-layer cloud identified the
ultimately of the cloud optical depth after corientfor ~ CALIOP operational algorithm. Its effective emissjy
the multiple scattering facton, This technique can be ¢, is retrieved from the observations for each IIR
applied when the signal to noise ratio is largeugio  channel as:
for optical depths typically greater than 0.3 anadistty

during nighttime. It does not require any assunmptio . = R~ Rret 4
about the lidar ratio. On the contrary. 8an be eff — Rreioud = Rret

retrieved using Eqg.2 from IAB and the layer 2-way

transmittance, as will be shown in section 4. In Eq 4, R, is the calibrated radianc®q is the

opaque cloud radiance at the top of the atmosphere
(TOA), i.e. the radiance of a blackbody source teda

at the lidar altitude of thermodynamic temperaflyig,q
retrieved from ancillary meteorological data (Glbba
Modeling Assimilation Office GEOS5 modellR.s is

the TOA reference radiance which would be observed
in the absence of the studied cloud. Three types of
reference scenes are selected, which are identified
unambiguously from the lidar product: clear air émad

When the first technique cannot be applied, therlay
optical depth is retrieved from Eq.2 using an atitidar
ratio, S and the factom). The initial lidar ratio can be
increased or reduced to prevent extinction retigeva
from diverging. For semi-transparent cirrus clouds
most of the retrievals are “unconstrained”, withali
lidar ratios identical to the initial ones, which the
CALIPSO Version 3 data products are set to 25 sr fo
cirrus _clouds. It is to be npted that some cirrus a <7 km) or high altitude (>7km) opaque clouds, liase
classified as opaque, meaning .that the Iayer.rtaﬂyto EJn the )CALI(gP opacity f(lagRref) ispd(gtermined either
attenuated the signal, preventing the algorithnmfro from observations in neighboring pixels or from

de:gctllr:jg tt?]e true Iaygr tbfﬁe' The retrtle\;gd Clou%omputations. Real-time radiance computations lise t
gp ;Ca ep correslpog IS 0 e.h'%per par_do %ﬁr' FASRAD radiative transfer model [11] adapted to the
niy non-opaque cloud 1ayers will be considerethe o spectral functions, GEOS5 atmospheric profiles

following. However, lidar ratio estimates can beincluding surface temperatures, and surface eniti€sv

retrieved from measurements of opaque clouds, Sinc@omputed for the IIR channels based on the IGBP
—2NT

€ "¢ approaches zero asgets large. (International Geosphere Biosphere Program) surface
types, with snow/ice coverage daily updates from th

3. IIR CIRRUS OPTICAL DEPTH National Snow and Ice Data Center.

3.1 Calibration 3.3  Cirrus optical depth

The IIR instrument consists of three window channelThe cloud effective emissivity retrieved in eaclR II
spectral bands centered at 8.65, 10.6 and 12.08hgim channel includes the contribution from both absorpt
have medium spectral resolution, respectively i  and scattering. The associated cloud effectivecapti
0.6 pm and m. The IIR operates at uncooled depth, ORy, is derived as:

temperature with on-board calibration. It has been 0D, = -In(l-£.) )
designed to meet the high sensitivity performance eff eff

required to derive the calibrated radiances in a”The IIR effective optical depth retrieved at 12,0%

channels with a radiometric noise better than 0.@QLK represents essentially an absorption optical déptias
sigma) for brightness temperatures greater thank210 been shown to be a good proxy for about half of the

as observed for most cirrus clouds. Comparisonk witcIoud ontical depth. depending on the atmospheric
MODIS/Aqua collocated similar observations [9] have P P, P 9 P



conditions and ice crystal sizes, allowing direct . \ght Unconstroined 2oight Constrained
comparisons with CALIOP visible optical depth [10]. -, ——

4. CALIOP AND IIR COMPARISONS

4.1 Data screening
The data set is screened to identify those atmoiphe

IIR ODeff
IR ODeff

0.5F i

columns containing only a single layer non-opaque ‘ ‘ 0.0 SRS
cirrus cloud. Single layer clouds are preferred gor 000 e P %" 0005 S, 2
more reliable determination of the opaque cloud Day Unconstrained Day Constrained
radiance Rrcoug in Eq. 4)in the 1IR analysis. Also, 200 ey 200 e

retrievals over ocean and over land are considere
separately, as the IIR sources of uncertainty avaler  _
over water, where the surface parameters are knows ;.
with better confidence than over land. We selec#
tropospheric clouds of centroid altitude higherntha

km and classified as randomly-oriented ice clouds i e ‘ oo L
the CALIOP product. Each ensemble of selected doud o0 o5 10 15 20 00 05 10 15 20
(over water or land) is further sorted accordinghe croP o croP o
CALIOP extinction retrieval technique (constrained Figure 1.2D histograms of CALIOP optical depths and IIR
unconstrained). In addition, day and night areymeal ~ OPer Of single layer semi-transparent cirrus over water
separately, to evaluate the influence of the smallg?@"ua"y 2011 atall latitudes from the version@ipcts. The
CALIOP signal to noise ratio during the day. The Il black solid lines represent the expected relatignsh
retrievals are expected to be of similar quality tfeese 20
4 last categories.
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CALIOP cirrus optical depths are reported in thedle

2 5-km Cloud Layer product. By design, each CALIOP
5-km segment is perfectly collocated with 5 sucieess
1-km 1IR track pixels. IIR retrievals are averagader
each 5-km segment for comparison with CALIOP.
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4.2 Results CALIOP 0D CALIOP 0D

Figure 1 shows 2D histograms of CALIOP optical Doy Unconstrained
depth, T, versus IIR effective optical depth, @Pin
January 2011 over ocean at night (top row) andnduri
daytime (bottom row), and for scenes containing &
single layer semi-transparent cirrus cloud only rove ¢ "
ocean. The left-hand column corresponds to the
“unconstrained” retrievals obtained by using ariahi

lidar ratio unchanged during the solution procdsse e R
right-hand column shows results obtained when the ~ cauop op ’ ' ~ cauok op '
constrained technique has been used. The color co@gyure 2.Same as Fig.1, but for a revised initial lidar sati
gives the decimal logarithm of the number of points  (unconstrained retrievals).

each bin. An excellent agreement is found betwégn |
and CALIOP constrained retrievals, for both nightti
and daytime, even though there are fewer daytim
points. However, the IIR-to-CALIOP ratio tends te b
larger than expected for unconstrained retrievalsie
obviously during daytime, likely due to the largange

in optical depth. These results suggest an inctamsiyg
between Version 3 CALIOP unconstrained and
constrained retrievals, likely due to the initialdr ratio
used in the former. In addition, statistical anaf/®of
the lidar ratios derived from opaque layers an
constrained retrievals since the CALIOP launch (se
Table 1) show a mean retrieved lidar ratio in the

Day Constrained
[__amemaas |

IR ODeff

0.5F

T

neighborhood of 20% larger than the initial lidatio

sed in the Version 3 algorithm. These results have
een confirmed by authors in [12] using the SODA
algorithm and IIR data to retrieve mean cirrus dlou
lidar ratios of 33 £ 5 sr. Figure 2 shows comparso
between IIR and CALIOP optical depths obtainechia t
same conditions as in Figure 1 but with CALIOP
unconstrained retrievals performed with an initidar
ratio of 29.9 sr. We see that unconstrained redttev
OIproduce higher optical depths than for Version 3
é)roducts (Fig. 1), whereas “constrained” retrievals
unchanged, as expected. CALIOP and IIR compare



similarly  for CALIOP  “unconstrained” and 3. Powell, K. A., M. A. Vaughan, R. R. Rogers, R. E.

“constrained” retrievals, with a CALIOP to IIR rati Kuehn, W. H. Hunt, K-P. Lee, and T. D. Murray, 2010

close to the expected value of about 2. An excellenThe CALIOP 532-nm Channel Daytime Calibration:

agreement between the 3 independent retrievaWersion 3 Algorithm, Proceedings of the 25th

techniques used in the CALIPSO mission is found. International Laser Radar Conferenagep. 1367-1370,
ISBN 978-5-94458-109-9.

Table 1: 532 nm cirrus clouds lidar ratio estimatesieved

from CALIOP measurements between 2006-06-13 and-201 4._Vaughan, M., K. Powell, R. Kut_—:-hn, S. YOP”Q’ D.
12-31 inclusive Winker, C. Hostetler, W. Hunt, Z. Liu, M. McGill nal

B. Getzewich, 2009: Fully Automated Detection of

Night Day Night Day . .
Constraine | Constraine | Opaqu | Opaqu: Cloud and Aerosol Layers in Fhe CALIPSO Lidar
- Measurements,). Atmos. Oceanic TechnoR6, pp.
min 5.2 6.1 5.C 5.C 2034-2050
max 250.0 249.9 249.9 250.0 '
median 30.8 29.6 28.6 29.7 5. Liu, Z., R. Kuehn, M. Vaughan, D. Winker, A.
mean 32.2 31.1 29.0 30.8 Omar, K. Powell, C. Trepte, Y. Hu, and C. Hostetler
st dev 10.1 106 3.8 11.8 2010: The CALIPSO Cloud and Aerosol
count 3598155 261.069] 4.983 983,666 891 Discrimination: Version 3 Algorithm and Test Result

Proceedings of the 25th International Laser Radar

5. CONCLUSIONS Conferencepp. 1245-1248, ISBN 978-5-94458-109-9.

Optical depths of single-layer semi-transparentusir 6. Hu, Y., D. Winker, M. Vaughan, B. Lin, A. Omar,
cloud over ocean, well retrieved by both the CALIOPC. Trepte, D. Flittner, P. Yang, W. Sun, Z. Liu, Z
lidar at 532 nm and the IIR infrared radiometeryéha Wang, S. Young, K. Stamnes, J. Huang, R. Kuehn, B.
been compared. An excellent agreement between bofhaum and R. Holz, 2009: CALIPSO/CALIOP Cloud
CALIOP retrieval techniques is found when a lidetic  Phase Discrimination AlgorithmJ. Atmos. Oceanic
derived from the statistical analysis of severairgeof ~ Technol, 26, pp. 2293-2309.

CALIOP .data IS chosen to |n.|t|aI|ze CALIOP 7 Platt, C. M. R., 1973: Lidar and radiometer
“”CO”S”""".“?‘? retr_levals. Th's value_|s about Zﬁﬂgdr observations of cirrus clouds, Atmos. Sci.30, pp.
than the initial lidar ratio used in the Version 3 4491.1204.

algorithm. Furthermore, CALIOP visible optical dept

compare as expected with IIR effective optical Hegtt 8. Young, S. A. and M. A. Vaughan, 2009: The
12.05 pum. Overall, these findings constitute a retrieval of profiles of particulate extinction froCloud

significant step toward the validation of the ciru Aerosol  Lidar Infrared  Pathfinder  Satellite

optical depths retrieved by the CALIPSO mission. Observations (CALIPSO) data: Algorithm description,
J. Atmos. Oceanic Technd6, pp. 1105-1119.
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